Abstract: Classical flight control design techniques treat the aircrafts as rigid bodies. Extra effort and time is required for the development of a separate vibration controller that addresses the flexible nature of the aircraft. Researchers have concentrated in developing integrated design techniques where a single controller is designed to provide satisfactory control of the rigid modes, and vibration suppression of the structural modes. This paper presents the application of such an integrated design procedure for the pitch rate control of a twin-fin combat aircraft. The proposed technique is easy to apply and generates a simple, low-order controller that satisfies the design objectives.
INTRODUCTION
Aeroservoelasticity or FCS(Flight control system)-structural coupling, is a phenomenon associated with the interaction of three factors (Taylor et al., 1996) . These factors are the elastic structure of the aircraft and its control surfaces(elasticity), the flow of air over the structure and the control surfaces(aero), and the control system(servo).
Aeroservoelasticity has recently become an important factor in the design of flight controllers. The need for modelling the structural effects of the airframe and control surfaces has resulted from two conflicting requirements in the design of modern aircrafts.
• More efficient aerodynamic designs have the effect of making the damping factors and natural frequencies of the structural modes decrease and approach the desired closed-loop bandwidth for the rigid modes while, • the need for faster maneuvering increases the closed-loop bandwidth for the rigid body modes.
For most aircraft, control of the rigid and structural dynamics are considered as two distinct problems. This 1 cp206@eng.cam.ac.uk methodology produces satisfactory controllers under the assumption that the frequency separation of the rigid modes and structural modes is sufficiently large. The controller is designed based on the rigid modes dynamics in order to provide stability and the required handling quality requirements. The stability of the closed-loop system with the rigid modes controller is examined when the flexible modes and actuator dynamics are introduced. If the stability margins(phase and gain margins) do not comply with the aeroservoelastic requirements as dictated in MIL-F-9490D 2 , the designer uses notch filters or low-pass filters to gain stabilise the high frequency dynamics and improve the stability margins. This technique, which is time consuming and expensive, because it requires extensive ground/flight testing and gathering of data, is presented in more detail in (Caldwell, 1994) . When the frequency separation assumption is no longer valid, the addition of the notch filters, results in a loss of performance for the rigid dynamics due to the additional phase lag that is introduced. With such aircrafts, integrated design approaches have been proposed (Teufel et al., 1999) , (Alazard et al., 1999) which are based on optimisation techniques such as µ-synthesis. In these integrated techniques all the aircraft dynamics are treated simultaneously and the controller attempts to obtain the optimum trade-off between the performance of the rigid dynamics and the stability of the flexible dynamics based on the uncertainty descriptions and performance specifications given by the designer. Optimisation techniques have also been used extensively on flexible structures (Balas and Doyle, 1994) . The designers stressed the importance of having accurate descriptions of the uncertainty and sensible choices of performance weights. Also for high order models and high order weights as it is the case for flexible systems, the controllers obtained are of high order and extra effort must be devoted in the order reduction and implementation of such controllers.
The integrated technique proposed in this paper has the advantage that is simple to apply and generates a low-order controller. A similar inversion technique has been used in (Gregory, 1998) for the control of a large flexible transport aircraft. Vibration suppression was obtained by demanding that the pitch rate response at the pilot's position should be similar to the meanaxis pitch rate response. The major difference of the proposed technique is the search for the 'best' position on the fuselage to measure the pitch rate in order to make the whole of the fuselage rotate as if it were a rigid body.
The layout of this paper is as follows. The aeroservoelastic model used for this study is presented, a brief overview of the dynamics inversion technique is given, the control problem formulation and controller design follows and finally the analysis of the controller and simulation results are shown.
THE AEROSERVOELASTIC MODEL
The longitudinal model of the aircraft is derived by linearising a 6dof nonlinear model about the speed of 150m/s. The nonlinear model contains nonlinear rigid aerodynamics and linear aeroservoelastic effects. A detailed presentation of the nonlinear model can be found in (Standen, 2000) . The longitudinal model of the aircraft is valid only for trimmed flight close to the speed of 150m/s and the symbol is used to denote perturbations from the trim values(See eqn. (1)). The vector r ∈ R 4 contains the longitudinal rigid states, namely the forward velocity u, the heave velocity w, the mean-axis pitch rate q and the pitch angle θ . The vector c ∈ R 4 contains the states of the control surfaces deflections. The control surface modes represent rotations about the hinge lines. There are two stabilators and two trailing edge inboard devices(see Fig. 1 ). The flexible modes displacements are contained in f and it is assumed that there exist seven significant symmetric modes(see Table 1 ). The inputs to the model are the actuator hinge moments and are given the symbol H. The difference of this aeroservoelastic model from a standard rigid model is the modelling of the control surface dynamics and the flexible dynamics. The rigid states do not only depend on the forces due to the control surface deflections but also on the forces due to their rates and also on the forces due to the displacements and velocities of the structural modes. It is assumed however that inertial coupling of the control surfaces to the rigid states is negligible and hence the actuator hinge moments do not affect the rigid states directly. The measurement of the pitch rate can be taken from a set of 22 positions on the fuselage(see Fig. 1 ). The measured pitch rate at these positions is corrupted by the rates of the structural modes. For example, if the output is chosen to be the pitch rate at the pilot's position(i = 6) then, 
(1)
where the matrix Z 6 ∈ R 1×7 contains the modal coefficients for the corresponding modes. These modal coefficients show the contribution of each structural mode on the pitch rate response at a certain point on the fuselage.
DYNAMICS INVERSION
There has been a lot of research on the application of nonlinear dynamic inversion(NDI) techniques for the control of highly maneuverable aircrafts( (Bugajski and Enns, 1992) , (Enns et al., 1994) ). This design technique has been attractive, mainly because it can use the information about the nonlinear dynamics of the aircraft in the process of designing the controller. Application of such a design technique, results in one controller which is valid for the whole flight envelope without having the need to apply gain scheduling techniques. Other attractive features of the technique are,
• the decoupling of the chosen variables to be controlled after the inversion is applied. This feature allows the decoupling of the longitudinal from the lateral dynamics at high angle of attack flight( (Littleboy and Smith, 1998) ).
• the simplicity in designing the controller. Calculation of the control input is based on writing down the nonlinear equations of the model which is a well known step in the case of aircrafts.
• the simple structure of the controller. The resulting controller is based on state feedback and allows the designer to have an insight on how the controller behaves(i.e the designer can choose which 'unwanted' dynamics to cancel).
• the simplicity in which the designer can specify desired closed-loop dynamics and satisfy handling quality requirements in a straight-forward way.
The ability of an inversion controller to render some dynamics unobservable at the chosen output variables, is the characteristic being exploited in this application and the main reason for using an inversion technique. The flexible dynamics and the control surface dynamics are considered as 'bad' dynamics whose effects should be unobservable at the rigid body pitch rate.
A characteristic of inversion techniques which inhibits the straight-forward inversion of the aeroservoelastic model equation (eqn. (1)), is the existence of the socalled 'zero dynamics', which appear when the number of variables to be controlled is less than the number of states of the open-loop system. These dynamics are unobservable at the controlled outputs. For the specific application, the zero dynamics are the flexible mode and control surface modes after the inversion is applied. It was demonstrated in (Papageorgiou, March 2001a ) that the inversion of the full aeroservoelastic model resulted in unstable zero dynamics. It was also shown that the closed-loop system is non-robust with respect to loop perturbations at the plant's inputs. From a practical point of view the designer would like to be able to set the closed-loop bandwidth of the control surface dynamics at certain values in order to avoid nonlinear phenomena such as rate limiting of the control surfaces. For the specific application the control surface dynamics are controlled using dynamic compensators and the inversion is applied to an aeroelastic model. The dynamic compensators consist of lag compensators and notch filters and they were designed accordingly to obtain the desired stability margins at the actual plant inputs.
CONTROL PROBLEM FORMULATION
The objective is to design a controller that will provide good tracking of the pilot's commands in pitch rate while suppressing the vibrations of the structural modes. This means that the fuselage should be rotating as if it were as close as possible to a rigid body. This thinking resulted in the following formulation:
• Choose the point on the fuselage corresponding to the pilot's position and measure the pitch rate there. Using dynamic inversion, demand that the transfer function from the pitch rate command to the measured pitch rate to be the same as a target transfer function of the form ω r s+ω r . If this is achieved, the designer is guaranteed to have good tracking and vibration suppression simultaneously at the specific point of measurement.
The above formulation was found to be infeasible because the inversion results in unstable zero dynamics. It was found that the zero dynamics were stable(openloop system is minimum-phase) only if the pitch rate was measured at the following fuselage positions: 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] . (3) The final control problem formulation results in finding the best position(from the above allowable set) to measure the pitch rate, so that the pitch rate response at the pilot's position is as close as possible to the response of the target transfer function. The pilot's position was chosen in order to minimise the experience of structural vibrations by the pilot and thus avoid pilot induced oscillations.
CONTROLLER DESIGN
The inversion controller is calculated based on the following state-space equations(aeroelastic model),
The matrices A ae and B ae were derived from equation (1). The derivation can be found in (Papageorgiou, July 2001b) . If the target system is chosen to be a first order transfer function of the form ω r s+ω r , the control input to achieve that is given by,
The pseudo-inverse of C ae (i )B ae is used since there exist more control inputs than outputs. The above input achieves the target system exactly if it is applied on the model of equation (4). With the aeroservoelastic model of equation (1) the inversion is not exact due to the presence of the control surface dynamics. Still, the loss in performance was found to be negligible.
The problem of finding the best measurement position is set up as an H ∞ optimisation problem where the objective is to minimise the H ∞ norm of the weighted transfer function from q dem to e w as seen in Fig.2 with the following definitions applying.
The transfer function W (s) is used to weight the error between the desired and the actual pitch rate response at the pilot's position. Let the infinity norm of the transfer function from q dem to e w be defined as,
Each γ (i ) is calculated by fixing i , i.e by choosing all the allowable positions for pitch rate measurement. The position at which the pitch rate is to be measured will affect the controller K i (s) via the matrices C ae (i )A ae and (C ae (i )B ae ) † which are responsible for the inversion. The best position is given by, 
. (9) for all ω. The smaller γ o is, the stricter the bounds. The upper bound ensures that any resonant peaks associated with flexible modes are suppressed. The lower bound ensures that the rigid pitch rate response is fast enough to satisfy the handling quality requirements. The best position for the measurement of pitch rate is the position closest to the tail of the aircraft(i * = 22) and the achieved γ was 2.4154(see Fig. 3 ). 
ANALYSIS-SIMULATION RESULTS
The position corresponding to i = 22 has an interesting property. At that position the modal coefficient corresponding to the troublesome structural mode(fuselage vertical bending fundamental), has its maximum value over all positions in the allowable set i mp .(see Fig. 4 ). The optimisation procedure chooses the point at which the vibration effects due to the 'troublesome' mode are worst. This is reasonable, since choosing a point at which the specific mode has a node there would not provide the desired attenuation of that mode.
The action of the inversion controller is analysed to investigate how the vibration suppression and pitch rate tracking requirements are satisfied simultaneously. This is done both by examining closed-loop transfer functions and by running the controller in a simulation with the full, nonlinear model. is responsible for imposing the desired dynamics for the pitch rate in order to satisfy the handling quality requirements. An explicit integrator is used in the target rate system to ensure zero steady-state error even if the inversion is not accurate. This scheme was analysed in (Papageorgiou and Hyde, 2001 ) and was found to provide better robustness than pure static state feedback. measured at three points on the fuselage. The pilot's position(i = 6) which was explicitly addressed in the formulation of the control problem, the nose of the aircraft(i = 1) which suffers the most structural vibrations due to the mode at 60rad/s, and the tail(i = 22) of the aircraft which is the point at which the pitch rate is measured and utilised by the inversion controller. When full state feedback is used, the three responses are almost identical and practically zero structural vibration is present. The removal of the state feedback from the flexible modes causes significant structural vibration at all three positions. This is because the cancellation of the peak at 60rad/s does not occur. The vibration suppression capabilities of the designed controller are also demonstrated by comparing the pitch rate responses to a sinusoidal disturbance on the plant's inputs at the frequency of the troublesome flexible mode(see Fig. 8 ). The sinusoidal disturbance is attenuated by a factor of 4.5 when the state feedback from the flexible modes is used.
The controller's feedback part from the measurements of the flexible modes is critical for the satisfactory behaviour of the overall closed-loop system. This suggests the use of accurate/reliable, hence expensive sensors for the implementation. Also any uncertainty regarding the natural frequencies and damping factors of the flexible modes can degrade substantially the performance of the above control scheme. This was verified in (Papageorgiou, March 2001a ) using µ-analysis. The designer can therefore choose to cancel only the most troublesome-hence, less uncertainstructural modes. 
CONCLUSIONS
The proposed technique is an integrated design technique to be used for the control of flexible aircrafts. Both the derivation and the structure of the controller are simple. The controller action is transparent and allows the designer the option to cancel unwanted structural dynamics that he sees appropriate. The specific formulation used for the determination of the measurement point can be easily cast into a µ-analysis problem. This allows to take into account any uncertainty in the modelling of the flexible modes in choosing the optimum measurement position for the pitch rate.
The proposed technique is limited by the fact that the system to be inverted is non-minimum phase for certain outputs. This problem can be dealt with by adding extra control effectors and by devising appropriate control allocation schemes. The requirement for full state measurement is another limitation for the implementation of the inversion controller. The existence of more sensors render the closed-loop system more sensitive to sensor failures and more expensive to implement. Partial inversion can be used to deal with the above problem, where the controller uses feedback only from the troublesome dynamics that should be cancelled.
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